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Does the Single Gel Phase Exist in Stratum Corneum?
To the Editor:
We have read with great interest the article by NorleÂn (2001). In
this paper, ``A new model for the structure and function of the
mammalian barrier'' is postulated. It is proposed that the skin
barrier, i.e., intercellular lipids within the stratum corneum, exist as
``a single and coherent gel phase'' and ``this structure has virtually
no boundaries.'' Furthermore, ``The intact, i.e., unperturbed, single
and coherent lamellar gel phase is proposed to be mainly located at
the lower half of the stratum corneum''. The gel phase is de®ned
here as a ``crystalline lamellar lipid structure that usually has a
hexagonal hydrocarbon chain packing with rotational disorder
along the chain axes and usually contains some water between the
lamellae''. According to the author the formation of a single phase
is due to a large heterogeneity in the stratum corneum lipid
composition.
Although we agree with the statement that in the ideal case the
lipid organization in the stratum corneum should avoid sharp phase
boundaries and that for the achievement of appropriate lipid
organization the heterogeneity in lipid composition is of crucial
importance (Bouwstra et al, 2000); however, we differ in many
aspects with author's statements and his interpretation of experi-
mental data reported in the literature (see Table I for a summary)
for stratum corneum and mixtures based on native ceramides. All
discrepancies will be discussed below.
PROPOSED MOLECULAR ARRANGEMENT
The hypothesis of the simultaneous presence of hairpin and splayed
chain conformations was based on data presented by Dahlen and
Pascher (1979); however, these authors used pure tetracosanoyl-
phytosphingosine (ceramide 3) in which the fatty acid and
phytosphingosine chains form separate matrices. As reported by
these authors in pure ceramide systems one of the crystal lattices is a
hairpin chain conformation. The long spacing of this phase
(5.15 nm) is much closer to the repeat distance of one of the
phases in stratum corneum than the long spacings of the splayed
chain conformations (varying between 3.7 and 4.6 nm).
Furthermore, we like to draw attention to the statement of
Dahlen and Pascher that the hairpin but not the splayed chain
conformation is of special relevance for molecular arrangements in
biologic membranes.
HEXAGONAL VS ORTHORHOMBIC CHAIN PACKING
In the study by NorleÂn (2001), the author proposes the presence of
gel phase only in the lower layers of the stratum corneum;
however, using Fourier transform infrared (Gay et al, 1994; Naik
and Guy, 1997) it has been shown that the orthorhombic packing
(two distinct infrared bands at 1462 and 1473 cm±1, respectively) is
present in human stratum corneum. Pilgram et al (1999) examined
the changes in lateral packing as a function of stratum corneum
depth using the electron diffraction technique. In this study it has
been shown that ``Electron diffraction patterns attributed to the
hexagonal packing were recorded mainly in the super®cial layers at
room temperature and at 32°C'' under both ex vivo as well as in vivo
conditions. These data clearly demonstrated that the orthorhombic
phase is predominantly present throughout the entire stratum
corneum and that in the lower half of the stratum corneum no
diffraction patterns have been recorded that could exclusively be
attributed to the existence of hexagonal packing. Even in the
super®cial stratum corneum layers the orthorhombic packing is by
far the most predominant phase. Unfortunately, NorleÂn (2001) has
not correctly interpreted these data. In this study NorleÂn also
discusses the possibility that ``the hydrocarbon chains close to the
head group region are in an orthorhombic lattice, while the lower
part of the hydrocarbon chains are in a hexagonal packing''. This
should mean that besides the detection of an orthorhombic packing
a hexagonal packing should always be detected. Several ®ndings
contradict this proposed model. First, many diffraction patterns
measured by Pilgram et al (1999) could exclusively be attributed to
an orthorhombic packing without the simultaneous presence of
hexagonal packing. Secondly, very recent data obtained with lipid
mixtures prepared with human ceramides, cholesterol, and free
fatty acids (Bouwstra et al, 2001a) revealed the presence of an
orthorhombic but absence of a hexagonal packing; however, a
liquid phase (see below) was clearly present.
COMPARISON WITH EARLIER MODELS
In this section the author discusses the proposed Single Gel Phase
Model with respect to earlier presented models. He states, ``The
presence of a liquid crystalline lipid structure in the stratum
corneum is unlikely''. The main argument made here is that the
water diffusion coef®cient is similar to that found in phospholipid
systems in a gel phase and that ``No endogenous lipids with
medium chain (C12±C18) or unsaturated alkyl chains have been
detected in the inner/lower stratum corneum''. Several data in the
literature, however, oppose these statements.
Even when the diffusion coef®cients in the stratum corneum and
in phospholipid systems forming a hexagonal sublattice are similar,
the coexistence of an orthorhombic and a liquid phase cannot be
excluded (see below evidence for the presence of a liquid phase). In
the latter case, a water diffusion coef®cient can also be of similar
magnitude as found in phospholipid systems forming a hexagonal
sublattice.
The presence of a liquid lateral packing has been established by
Fourier transform infrared spectroscopy (Bommannan, 1990; Gay et
al, 1994; Naik and Guy, 1997) and wide angle x-ray diffraction
(WAXD) (Bouwstra et al, 1998a, 2001a) in the human stratum
corneum and in mixtures prepared with native ceramides.
Very recently, it has been established that the presence of the
liquid phase is related to the presence of linoleate moiety in
ceramide 1 (Bouwstra et al, 2001b). Namely, when in mixtures
prepared with cholesterol, free fatty acids, and human ceramides the
native ceramide 1 was substituted by synthetic ceramide 1 with
ester-linked stearate, liquid lateral packing was absent, whereas it
was clearly present when native ceramide 1 was substituted by
either synthetic ceramide 1 with ester-linked oleate or synthetic
ceramide 1 with ester-linked linoleate (both unsaturated chains).
Recent data from our own laboratory (Ponac, Department of
Dermatology) further show the abundant presence of the C16 acyl
chain in CER5 (about 60% of the total amide-linked fatty acids)
and about 10% in the free fatty acid fraction (Ponec et al
unpublished results). The presence of short chain free fatty acids
and amide-linked acyl chains in different ceramides has also been
reported earlier (Wertz and Downing, 1991). Furthermore, both
ceramide 1 and ceramide 4 contain high amounts of linoleic acid
(about 70% of ester-linked fatty acids in puri®ed ceramide
fractions), which is a fatty acid with nonsaturated medium acyl
chain length. It should be stressed here that for proper lamellar
organization of the stratum corneum lipids the presence of
ceramide 1 with the C18 ester-linked nonsaturated fatty acid is
essential (McIntosh et al, 1996; Bouwstra et al, 1998b).
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FUTURE EXPERIMENTS
The author suggests that ``One possible way to test the phase
homogeneity of the proposed single and coherent lamellar gel phase
vs. the coexistence of liquid crystalline phases and gel phases could
be by time resolved synchrotron X-ray diffraction on lower stratum
corneum collected immediately after stripping.'' In our opinion,
time resolved X-ray diffraction is not the ideal technique, as even in
the case of stratum corneum strips many crystals are exposed to the
X-ray beam, which makes it more dif®cult to detect the hexagonal
packing simultaneously with the orthorhombic packing. It should
be noted that the proposed studies examining the changes in lateral
packing as a function of stratum corneum depth have already been
carried out with excised human skin and in human volunteers. In
that study the phase behavior has been examined with electron
diffraction in stratum corneum samples collected by sequential tape
stripping (Pilgram et al, 1999). Electron diffraction is a more
appropriate method, because with this technique it is easier to
distinguish the hexagonal and orthorhombic packing due to a very
small exposure area (1 mm2) to the electron beam. The results
showed the presence of the orthorhombic phase throughout the
entire stratum corneum and only clear evidence of the hexagonal
pattern in the upper stratum corneum layers.
In conclusion, the proposed ``Single Gel Phase Model'' by
NorleÂn (2001) is not supported by much experimental data
published over the last 10 y. Furthermore, in discussing this
model no attention has been paid to the role individual lipids play
in lipid organization: (i) the crucial role of ceramide 1 in the
formation of the 13 nm lamellar phase, and (ii) the presence of free
fatty acids as a prerequisite for the formation of the orthorhombic
packing. As demonstrated in studies with diseased skin, such as
recessive x-linked lamellar ichthyosis, the absence of orthorhombic
phase can be attributed to the markedly reduced free fatty acid
content (Pilgram et al, 2001). NorleÂn used much excellent data
obtained with phospholipids as a basis for the proposed single gel
phase stratum corneum model. We are aware that data published on
phospholipid mixtures are important to understand the stratum
corneum lipid organization, as many established ``rules'' could be
directly employed for stratum corneum lipid organization. One
should be very cautious, however, in utilizing results obtained with
mixtures prepared with phospholipids for mixtures prepared with
ceramides, as ceramides in many aspects differ from phospholipids.
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Table I. The lateral packing in human stratum corneum and in model systems prepared with native ceramides is
summarized. The techniques used are also provided. Only the phases that are clearly detected are tabulated
Sublattice Technique Model References
Orthorhombic WAXD, ED,
FTIR
Human stratum corneum Garson et al (1991), Bouwstra et al (1992),
Cornwell et al (1994), Gay et al, (1994),
Naik and Guy (1997), Pilgram et al (1999)
WAXD, ED CHOL:CER:FFA mixtures Bouwstra et al (1998a), Pilgram et al (1998)
Hexagonal ED Super®cial human Pilgram et al (1999)
stratum corneum layers
WAXD, ED CHOL:CER mixtures McIntosh et al (1996), Bouwstra et al (1998a),
Pilgram et al (1998)
Liquid FTIR Human stratum corneum Bommannan et al (1990),
Gay et al (1994), Naik and Guy (1997)
WAXD CHOL:CER:FFA Bouwstra et al (1998a, 2001a,b)
Mixtures
FTIR, Fourier transform infrared; WAXD; ED, electron diffraction; CHOL:CER:FFA, cholesterol:ceramide:free fatty acids.
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